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Introduction
The ability to diagnose diseases of the brain is limited by the types of diagnostic tools available: biopsy of the brain searching for pathology (a dangerous and complex procedure), imaging of the brain (a generally rather low resolution procedure) and assessment of cerebral spinal fluid (a complex and painful procedure). The ability to diagnose brain pathology is even more critical to the Department of Defense because of the many of the soldiers returning from Iraq after exposure to explosions appear initially normal but later begin to exhibit the effects of traumatic brain injury. Traumatic brain injury (TBI) is estimated to affect 1.4 million Americans per year and to cost the United States' (US) economy $60 billion. Currently, 5.3 million Americans suffer TBI-related, longterm disability. As such, TBI is a major public health concern in the US. Further, given the field of operations of today's US military, TBI has also become a major socioeconomic issue for our armed forces. We set out to identify brain region and cell-type specific transcripts through analysis of data from the Allen Brain Institute as a precursor to make possible the use of blood fingerprints (e.g. cerebellum, cerebrum, basal ganglia, brain stem, etc.) that will not only allow early assessment of brain damage after exposure to trauma, but also its localization. The completion of our These brain region and cell type specific transcripts will set the stage for future studies where we use proteomics approaches to screen for the associated proteins in the blood. The development of such multi-parameter blood protein markers lies at the very heart of the predictive medicine that will emerge over the next 10 years.
Body
The technical objectives of our proposal were two-fold. First, we set out to use information about gene expression in individual cells of mouse brains from the Allen Brain Atlas to identify transcripts that are specific to particular regions of the brain (e.g. cerebellum) or to specific cell types (e.g. neurons). Second, we set out to identify from the identified specific transcripts those with human orthologs and to predict computationally which are most likely to be secreted or membrane-bound. As shown below, we have succeeded in our objectives in relation to brain-region specific transcripts, but more work remains to be done in order to fully achieve the same level of success for cell-type specific transcripts.
Accessing the Allen Brain Atlas (ABA)
Our first task was to acquire data from the Allen Brain Atlas in a form that we could mine to identify those transcripts that are region and cell-type specific. The Allen Institute for Brain Science offers a public API to allow access to their database -including access to the brain image, gene expression, atlas, and neuroblast datasets ( Figure 1 ). This API also includes a REST interface to interact with selected URLs and obtain additional required information for our analyses.
To facilitate computations, we locally mounted a replication of the ABA database consisting of XML (~200 MB) and XPR (~7.5 Gb) files -and we did so both at the Institute for Systems Biology and in the Price Lab at the University of Illinois. The XML files contain the relational database that enables us to identify the image series associated with a particular gene or probe. These files also enable us to access the public API to obtain the images and models. The XPR files are a 3-D registration approach used by the Allen Brain Institute for image analysis of gene series with 100 microns of resolution.
During the first quarter we wrote Perl-based scripts to read and parse the XML data and to retrieve the images associated by gene/ISH. Figure 1 . Basic representation of the interaction with the ABA-API.
Querying the ABA
We used AllenMiner v1.0 [1] as a means to submit queries to analyze the data represented in the XPR files. This software package allows us to extract gene expression profiles for regions of interest (ROI) according to the ABA nomenclature for brain sections or by using voxels coordinates. Also it implements an enrichment method for ROI contrasts. After we mounted and adapted the AllenMiner software to our local computational resources, we used it to scan the full database to query each annotated ROI (209 hierarchical categories) for each gene (~20,000) in each of the XPRs (~26,000). This analysis resulted in expression profiles for ~5 million gene-3D model combinations.
Many of the transcripts can be mapped into at least one ROI across the 3D model series. Some transcripts have evidence of expression in more than one 3D model (Table 1) , for example when the same genes had been mapped into both the sagittal and coronal series. Duplicate data generally correlated, but in some cases we saw discrepancies between values in repeats, probably caused by image artifacts or other effects. 
Gene specificity
To determine the gene specificity by ROI, we tested different methods for specificity. First we calculated a conditional specificity (Q) using the Shannon entropy of the symbols [2] :
where w t|g represents the relative expression of the gene g in the region t, H g is the entropy for the relative expression of gene g, and Q g,t is the conditional specificity for gene g in the region t.
Generally, a tissue specific transcript has a Q value from 0 to 7, but in our data set the distribution is different than this norm because of the specifics of our hierarchical classification (Figure 2 ).
6 Figure 2 . Q-values distribution for all gene series.
Basic brain regions
To reduce the complexity of the regions screened and calculate a specificity score Q, we selected these 17 basic non-overlapping brain regions to consider in our analyses: We calculated the specificity of each gene in these brain regions. The expression value is normalized between duplicated images series, if require, in order to allow mixed data from coronal and sagittal samples. As an example, Rap1 interacting factor 1 homolog (yeast) of Rif1 is a gene selected to be expressed specifically in the cerebellum region (Q Rif1,CB = 1.66). We validated this selection with the image series ( Figure 3 ) and the 3D model reconstruction (Figures 4-5 ).
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Key Research accomplishments • Brain-region specific transcripts
We explored beyond the basic ROIs described before. We used the hierarchical classification from the ABA to define the relationships between all ROIs. This classification defines 6 levels; we analyzed each level comparing 
where G R is the expression level for gene G in ROI R and G NR is the expression of the same gene in the others ROIs from the same parent ROI. We selected the genes with L > 1, which means that the expression level is 10-fold for the selected ROI.
•
Comparison with mouse genome microarrays
Our group has experimental data for gene expression in mouse brains, using hybridizations of whole brain (Mouse Gene 1.0 ST Affymetrix arrays), as well as cortex and thalamus sections. We compared the expression levels for each gene between these microarray experiments and the ABA data ( Figure 5 ).
• Mouse secretome
One of the primary objectives of our proposal was the definition of secreted proteins to use as candidate biomarkers that would be brain-region specific. For all the peptides present (~40,000) in the UCSC Genome Browser (knowGenesPeptide table for mm9), we computed the probability of the associated protein being secreted using the SignalP v3.0 software suite [3] . We found that ~10% of the total peptides could be secreted (P > 0.95). Because the gene symbol used in UCSC doesn't correspond to the gene symbol used in the ABA, we cross-referenced both databases using the gene alias. Thus, we coupled this data with the sets of genes that are identified as being brain region specific in order to identify the candidate secreted proteins in the blood with the potential to provide brain-region specific diagnostics through non-invasive measurements. After identifying genes expected to be secreted in mouse, we applied the same methods to human genes and identified the ortholog pairs between both species, using orthology relationships reported in Mouse Genome Informatics website (http://www.informatics.jax.org/). • Cell-type markers
Moving on to our second objective, we selected cell-specific genes to be used as training sets for cell-type classification. The list of training genes was obtained from [4] , we have 319 neuron-specific, 184 astrocytespecific and 130 oligodendrocyte-specific genes. The respective image series in high resolution for each gene had been obtained using our interface for the ABA API. Figure 9 . Expression levels of cell-type markers (adapted from [4] ).
Reportable Outcomes
Leroy Hood has given approximately 15 keynote lectures over the past year throughout the US and in Asia and Europe-and in most of these has discussed the concept of organ-specific protein blood markers for brain and for liver. In addition, he has discussed the concept of brain-region-specific transcripts obtained from the computational analyses of data in the Allen Brain Database. Experimental work is on-going to determine how many of these candidate brain-region-specific transcripts encode proteins that are secreted into the blood. We have obtained funding that leverages this approach to identifying brain-specific blood biomarkers from the following sources: TBI DOD grant with Georgetown (put in grant number), PTSD DOD grant with Santa Barbara (put in grant number), and a strategic partnership grant from the state of Luxembourg to apply the identification of brain-specific blood markers to the study of neural degenerative diseases and brain cancer (Alzheimer's, Frontal Temporal Dementia and Glioblastoma).
Conclusion
In the year of funding we received from DoD, we were able to accomplish the first of our two main objectiveswe have identified a large number of brain-region specific markers (See Table 2 ) and identified those that are secreted (see Figure 8 ). These markers are highly important because they offer the potential to identify brainregion specific legions non-invasively through the blood. Thus, the first phase of the project has been a success. The second goal of identifying cell-type specific markers has proved more difficult than initially anticipated. We made initial progress and have a working "training set" of markers from ~200 genes for which there is evidence for cell-type specificity. We are using these findings to develop a computational algorithm that can be used to evaluate cell-type specificity from the ABI data for the remaining almost 20,000 genes. We have thus sought an additional year of funding to pursue this second critical objective (as outlined in the continuation proposal we submitted this summer). The ultimate outcome of the research funded by the DoD is thus of high importance, promising to provide high specificity to both brain-region specific (achieved) and cell-
